The New Horizons mission to the Kuiper Belt has recently revealed intriguing features on the surface of Charon, including a network of chasmata, cutting across or around a series of high topography features, conjoining to form a belt. It is proposed that this tectonic belt is a consequence of contraction/expansion episodes in the moon's evolution associated particularly with compaction, differentiation and geochemical reactions of the interior. The proposed scenario involves no need for solidification of a vast subsurface ocean and/or a warm initial state. This scenario is based on a new, detailed thermo-physical evolution model of Charon that includes multiple processes. According to the model, Charon experiences two contraction/expansion episodes in its history that may provide the proper environment for the formation of the tectonic belt. This outcome remains qualitatively the same, for several different initial conditions and parameter variations. The precise orientation of Charon's tectonic belt, and the cryovolcanic features observed south of the tectonic belt may have involved a planetary-scale impact, that occurred only after the belt had already formed.
INTRODUCTION
NASA's New Horizons spacecraft has recently completed a close approach to the Pluto system. The initial observations reveal Charon to have intricate geological surface features that vary in scale, shape and orientation. Among the most notable set of features, is a network of NE-SW trending fractures that cut across most of the sub-Pluto hemisphere. Perhaps the most prominent and intriguing of these, is a structure named Serenity Chasma (using informal nomenclature), a two-walled graben, several kilometers deep, and up to 60 km wide (Stern et al. 2015) . In addition, the chasmata network appears to cut through or around a series of high topography features (as seen in Moore et al. (2016) , Figure S14 ), conjoining to form a belt, to which we will collectively refer to as the tectonic belt (see the highlighted region in Figure 1 ). This belt seems to at least partially extend to the anti-Pluto hemisphere as well (Beyer et al. 2016) , suggesting that certain compressional/extensional processes have altered the surface of Charon on a global scale during some point or points in its evolution. Serenity Chasma in particular, seems to be highly indicative of an extensional environment. Several alternatives that are compatible with an extensional environment can be suggested. One possible explanation is the freezing of a global sub-surface water ocean (Rhoden et al. 2015) . Since the solid phase of water has a lower specific density than the liquid phase, the result would be an increase in volume. This, however, suffers from several difficulties. First, in order to account for the surface area increase that is implied by the width of Serenity Chasma (1%, according to Moore et al. (2016) ), the subsurface ocean must be vast (given the specific densities in Table 1 , a 40 km thick global ocean is required). According to our model (Section 3) a vast ocean never forms because of the relatively small size of Charon and the lack of short-lived radiogenic heating. Arguably, if Charon had an initial eccentricity (Cheng et al. 2014) , and if a significant amount of energy is released as a result of tidal heating during the synchronization phase of Pluto and Charon, this conclusion could change. For significant tidal heating during synchronization, Charon is required to have experienced a transient high eccentricity phase as its orbit expanded (Rhoden et al. 2015) . While this is theoretically possible (Ward & Canup 2006; Cheng et al. 2014) , the smaller size of Charon compared to Pluto makes it more likely that the tides raised by Pluto on Charon would damp Charon's eccentricity (Barr & Collins 2015) , leading to circularization. It is unclear if merely the initial cirularization phase could have provided the necessary tidal energy. Potentially, Charon could even have had an initial circular orbit (Cheng et al. 2014) . Here, we explore a scenario that does not require tidally-driven melting of water.
Moreover, the same high eccentricity models that predict tidally-induced extensional fractures (as opposed to zero eccentricity orbital expansion with tidal bulge collapse only) require an ocean layer (Rhoden et al. 2015) . However, under regular assumptions (heating by long-lived radionuclides only), the time scale of Charon's circularization (up to several Myr) is much shorter than the time required to even produce liquid water (at least 100 Myr, see Section 3). Thus, in order to form tidally-induced and/or ocean freezing extensional fractures, one has to assume that a sufficient amount of heat was initially supplied in the process that led to Charon's formation. There are currently three alternative formation models for Charon: the giant impact model (Canup 2005; Stern et al. 2006) , the dynamical capture model (Pires dos Santos et al. 2012 ) and the in-situ formation model of the Pluto-Charon binary (Nesvorný et al. 2010) . None of these models can unequivocally provide the conditions necessary for the formation of an early ocean. According to Canup (2005) , the case for early melting and differentiation of Charon in the giant impact model is perhaps possible, but far weaker for Charon, compared to Pluto, given its size and the precise details concerning its formation. The analysis of Pires dos Santos et al. (2012) does not provide any detailed information regarding the initial state of Charon after a capture. In-situ formation is the least likely model to provide this amount of heat, and therefore it remains uncertain if any of these scenarios can produce the required early ocean.
Given these difficulties, the goal of this paper is therefore to explore an alternative model that has the potential to induce an extensional environment, without the need for a vast, pre-existing subsurface ocean, and without the necessity of a warm initial state. Such an environment may be necessary in order to explain the formation of an assemblage of global-scale intermittent chasmata that follow a similar trend (Mandjet chasma, Macross chasma and Serenity chasma, as well as possibly Argo chasma which was viewed obliquely in lower resolution images and could be a continuation of the chasmata system in the encounter hemisphere. See e.g., Figure S2 in Moore et al. (2016) ). The model also predicts compression, and we suggest that it might be related to several elevated features along the tectonic belt. The highest among these are the flanks of Serenity Chasma, and the elongated ridge extending to its right, in addition to the ridged terrain below Alice crater, which extends intermittently toward Macross chasma (for a detailed elevation map see Moore et al. (2016) , Figure S14 ). Previous papers (Stern et al. 2015; Moore et al. 2016) propose extension in order to explain the dominant chasmata, however the precise origin or cause of the elevated features along the belt and elsewhere on the surface is not discussed. Moreover, Beyer et al. (2016) examine Serenity chasma based on lithospheric elasticity, and conclude that its observed elevated flank topography is not a flexural response. The model presented here thus provides a unique alternative that enables both extensional and compressional features in the same tectonic belt. Specifically, we predict an initial episode of compression that precedes extension, and therefore that the elevated features must pre-date the chasmata.
The paper is arranged as follows. In Section 2 we outline the thermo-physical evolution model used in order to calculate the evolution of Charon. In Section 3 model results are presented and they are discussed in Section 4. We conclude with a summary of our findings in Section 5.
THE MODEL
The model used in this study is based on the model of Malamud & Prialnik (2015) , which is an extension of earlier models by Prialnik & Merk (2008) and Malamud & Prialnik (2013) . This 1-dimensional code has been developed in order to study the evolving thermal and physical state of any moderate-sized icy object (large enough to be in hydrostatic equilibrium but not so large as to permit full or partial melting of the rock). It includes the following processes: (1) internal differentiation by the multiphase flow of water in a porous medium; (2) compaction by self-gravity; (3) geochemical reactions. In terms of energy sources, it considers: radiogenic heating, latent heat released/absorbed by geochemical reactions, surface insolation, gravitational energy associated with internal redistribution of mass and/or size change, and latent heat of crystallization of amorphous ice. The model treats heat transport by conduction and advection. According to the analysis by Hussmann et al. (2006) , Charon is most likely conductive. According to Desch et al. (2009) and Rubin et al. (2014) adding parameterized convection to the calculation does not vary the results by much. Additionally they argue that the uncertainties in modelling parameterized convection, primarily in the stagnant lid regime, are at least comparable to the variations of turning off convection entirely. Thus parameterized convection has not been included in this study.
We follow the transitions among four phases of water (amorphous ice, crystalline ice, liquid and vapour), and two phases of silicates (aqueously altered rock and non-altered rock), accounting for thermal (conductivity, heat capacity) and physical (density) changes in the solid phases as the body evolves, undergoing heating by long-lived radionuclides primarily. Internal differentiation arises from sublimation or melting of water, which triggers the multiphase flow of water inside a porous solid matrix, redistributing the internal mass. Generally, mass fluxes are proportional to the pressure gradient, or to the gradient of a function that is proportional to the pressure. When both liquid and gas phases are present, their fluxes are intricately affected by each other's presence, as described by Prialnik & Merk (2008) . The mathematical modelling involves a system of coupled non-linear partial differential equations and associated initial and boundary values. It calculates mass and energy fluxes as well as the transitions among water and silicate phases. At the same time, the hydrostatic equation is solved in order to determine the density profile of the solid matrix. Thus, physical, thermal and mechanical process are coupled.
The predecessor model of Malamud & Prialnik (2015) has already been used to evaluate the evolution of three moderate-sized Kuiper Belt objects (KBOs) including Charon. Nevertheless, the model presented in this study has two improvements: (1) it considers serpentine dehydration, and (2) constant solar luminosity is not assumed. The former modification is very important. The previous model only included the process of serpentinization -which leads to energy release as well as rock density decrease and absorption of water in the rock. Now the inverse process, dehydration, is also considered -leading to energy absorption as well as rock density increase and water release. The addition of dehydration considerably changes the course of Charon's evolution, not only due to the rock's physical and thermal modification, and the considerable amounts of water released, but also, since dehydration is an endothermic process, acting as a powerful energy sink that suppresses Charon's peak temperatures. The derivation of the dehydration equations is presented in Malamud & Prialnik (2016) . The second modification is a small one, but it offers some improvement compared with our previous studies, as well as most evolution models, which typically consider a constant solar luminosity in order to derive the object's surface boundary condition that will define the surface temperature. In fact, the solar luminosity is not constant. It was approximately 30% lower at the birth of the solar system and increased over time. Here we consider the change in solar luminosity as a function of time, as obtained by a 1-solar mass MESA stellar evolution (Paxton et al. 2011) . The orbital parameters of the PlutoCharon system on the contrary, are assumed to be constant and equal to the present day observed values, since the orbital history is harder to constrain.
Set of Equations
Considering the transitions between four different phases of water -amorphous ice, crystalline ice, liquid and vapour, and between two phases of silicates -aqueously unaltered and aqueously processed, we have six different components that we denote by subscripts: u -aqueously unaltered rock; p -aqueously processed rock; a -amorphous water ice; ccrystalline water ice; ℓ -liquid water; v -water vapour.
The independent variables are: the volume V; temperature T ; densities ρ a , ρ w = ρ c + ρ ℓ , ρ v and ρ d = ρ u + ρ p (the total density ρ = ρ x ), as well as the mass fluxes J v (water vapour) and J ℓ (liquid water), as functions of 1-dimensional space and time t.
We consider a spherically symmetric body and therefore the volume enclosed by a spherical surface of radius r (0 ≤ r ≤ R), denoted by V (0 ≤ V ≤ 4πR 3 /3) is chosen as an independent space variable. Thus mass and energy fluxes will be replaced by energy or mass crossing a spherical surface per unit time, and ∇ =⇒ ∂ ∂V The coefficients of thermal conductivity and permeability (equations 1, 5 and 6, see below) will have to be multiplied by a factor (4πr 2 ) 2 = (6 √ πV) 4/3 . The set of equations to be solved is:
Equations (2-4) are the mass conservation equations, where λ(T ) is the rate of crystallization of amorphous ice, R S (Malamud & Prialnik 2013 ) is the serpentinization rate, R D (Malamud & Prialnik 2016 ) is the dehydration rate and q v is the rate of sublimation/evaporation or deposition/condensation, respectively. The mass fluxes are given by eqs (5) and (6), where φ v and φ ℓ are the permeability coefficients, P v and P ℓ are the vapour and liquid pressures, and g is the gravitational acceleration (for the detailed multiphase flow permeability and pressure equations and their dependence on the other model parameters please refer to Prialnik & Merk (2008), equations 13-17,21-24) .
In the energy conservation equation (1), U denotes energy per unit mass, H ℓ is the latent heat of fusion (melting), q ℓ is the rate of melting/freezing, and K is the effective thermal conductivity, while (U v J v + U ℓ J ℓ ) accounts for the heat transferred by advection. The sum of all energy sources S includes the energy supplied by crystallization of amorphous ice, the energy lost by sublimation, and all the other possible internal heat sources, such as radiogenic heating, tidal heating, change in gravitational potential energy and heat released or absorbed by geochemical reactions. The last equation, eq. (7), imposes hydrostatic equilibrium. m denotes the mass, and G is the gravitational constant. The solution of the hydrostatic equation that yields the density (and hence porosity) profile, requires an equation of state (EOS), where the pressure P is a function of the local density ρ, temperature T and mass fraction of the rock. Here we use the EOS developed by Malamud & Prialnik (2015) (see their equations 1-7), using identical parameters. This EOS accounts for the compaction of a porous rock/ice mixture, and is based on the best available empirical studies of ice and rock compaction, and on comparisons with rock porosities in Earth analog and Solar System silicates.
All the other variables are easily derived from the independent variables and the volume distribution. The boundary conditions adopted here are straightforward: vanishing fluxes at the centre and vanishing pressures at the surface. The surface liquid flux equals the rate of ice sublimation from the surface, whereas the surface vapour flux is the vapour that leaves the body coming from within the porous interior (outgassing). The surface heat flux is given by the balance between solar irradiation (albedo dependent), thermal emission and heat absorbed in surface sublimation of ice. We note that for an eccentric orbit, distance variations on the scale of the orbital period, would render the changes in the surface boundary condition extremely fast, and therefore the calculation extremely slow, as time steps are dynamically adjusted. For relatively small eccentricities one may circumvent this problem by considering an effective circular semi-major axis, producing an equivalent average insolation (Williams & Pollard 2002 ). This technique is used here for the Pluto/Charon system (the effective correction is very small, despite a notable non-circular heliocentric orbit).
Numerical Scheme
The model uses an adaptive-grid technique, specifically tailored for objects that change in mass or volume. Since the body is allowed to grow or shrink (as a result of various internal processes), a moving, time dependent boundary condition is implemented. The numerical solution is obtained by replacing the non-linear partial differential equations with a fully implicit difference scheme and solving a two-point boundary value problem by relaxation in an iterative process. Time steps are adjusted dynamically according to the number of iterations. In the numerical computations, where the equations are discretized in space, and the spatial grid is adapted to the varying configuration of the model, we consider a different, dimensionless space variable x, defined over a finite range [c, s] , where c and s are the system's boundaries (center and surface). In this case V(x) must be supplied or obtained as a monotonically increasing solution of an equation that must be supplied. We normally use a very simple way of determining the spatial grid, where V(x) is given by a geometric series, which keeps either the surface or the central part finely zoned, depending on the series common ratio q. Although the range of x is fixed, the total volume may change with time:
Since temporal derivatives are taken at constant V, whereas V = V(x, t), the following transformation is implemented in the difference scheme:
3 RESULTS OF EVOLUTIONARY CALCULATION
Model configuration and parameters
We begin the evolution with a fully accreted object whose initial structure is homogeneous, with a well-mixed composition of rock and ice. This initial structure is the most basic to assume, since it requires no a-priori assumption of any specific formation mechanism which may lead to warm or otherwise heterogeneous accretion. By the same argument, we start with amorphous ice. Most of the important initial and physical parameters used in our model are listed in Table 1 . We assume an initial anhydrous rock mass fraction of 77% corresponding to the newest mass measurement (Brozović et al. 2015) , which yields a bulk density of 1.7 g cm −3 (Stern et al. 2015) , following a 4.6 Gyr evolution. Note that for completeness we also considered an initial rock mass fraction of 75% based on a previous mass estimate (Buie et al. 2006) . For both selections, however, the range of the rock/ice mass ratio is compatible with a previous study (Malamud & Prialnik 2015) , and the resulting internal structures and evolutionary paths are qualitatively indistinguishable (see Section 4.3). The rock contains the long-lived radionuclides 235 U, 40 K, 238 U and 232 T h, with initial abundances typical of meteorites. X 0 is the initial (anhydrous rock) mass fraction. Short-lived radionuclides can be neglected, since the accretion time of Charon is expected to be much longer than in the inner solar system (Kenyon & Bromley 2012) , on the order of tens of Myr. Rock specific density (u) ̺ u 3.5 + 2.15 · 10 −12 P g cm −3 Rock specific density (p) ̺ p 2.9 + 3.41 · 10 −12 P g cm −3 Water thermal conductivity
The evolutionary course
The course of the evolution is illustrated by a series of figures showing properties as a function of time and radial distance from the centre of the body. Since the radius of Charon changes during evolution (initially 629 km, and eventually converging to 606 km), the upper boundary of the plots also changes with time. The evolution of Charon proceeds in several steps, corresponding to different processes in the interior:
Step 1 (0 < t < 137 Myr): In this time interval the temperatures are always below the melting point of water, as shown in Figure 2 , so the only process that modifies the structure (and size) of Charon is compaction of the ice in the interior. As the ice warms from an initially cold 70 K (at which point the initial bulk porosity is 28%) it becomes more susceptible to compaction, so the radius decreases (see the porosity distribution in Figure 5 where porosity is defined as the volume fraction not occupied by solid or liquid phases). We note that the resulting radius decrease may be seen as an upper limit, since the actual specific density of ice is temperature dependent, and not constant as assumed in Table 1 . Instead it changes from about ∼ 0.935 g cm at 70 K to 0.917 g cm −3 prior to melting. The actual radius decrease could then be reduced by up to 50-70%. When we consider a warmer initial temperature for the ice, as in Section 4.2, both compaction and ice density changes are relatively negligible.
Step 2 (137 Myr < t < 164 Myr): The melting temperature is reached. This drives rapid differentiation by liquid water flow, powered by rapid release of energy from serpentinization. In the process, the initially anhydrous rock becomes hydrated ( Figure 3 shows the rock phase transitions), and a large fraction of the water in the system is absorbed in the rock. For the remainder of the paper we will refer to all water phases (including ice, liquid and vapour) not embedded onto the rock as free water. The net effect of ice melting and incorporation in the rock is a further decrease in radius (while hydrous rock is actually more voluminous than its predecessor, the melting of ice is of greater contribution to decreasing the size). A pristine outer layer, 35 km thick, of ice/rock mixture, keeps its original anhydrous rock, since it is too cold for liquid water to reach. About two thirds of this layer (23 km) is too cold even for vapour transport, thus it retains the initial rock/ice ratio. The outermost 10 km is so cold, that it retains amorphous ice. Elsewhere the ice crystallizes. Directly beneath the pristine outer layer, there is a transition layer, from fully anhydrous rock (a relative mass fraction of 1) to fully serpentinized rock (a relative mass fraction of 0), some 25 km thick. Combined, these two layers are 60 km thick. All underlying mantle silicates are fully hydrous. Note the energetic significance of serpentinization, without which these outer layers could be much thicker (the massive amount of energy released by serpentinization, generates higher temperatures further out toward the surface).
Step 3 (164 Myr < t < 450 Myr): Differentiation continues, since there is still free water (liquid) in the interior. The already hydrated rock can no longer absorb any free water, so that all remaining water is transported to the coldest regions and begins to freeze at the base of the mantle (Figure 4) , constantly thickening it, until there is essentially no longer free water in the interior by 450 Myr. At this point the ice-rich mantle is about 120 km thick, and it remains approximately that size throughout the rest of the evolution. Since the rocky core is now completely devoid of ice, its porosity has greatly increased (see the porosity distribution in Figure 5 ), given Charon's pressure by self-gravity, and the (still) cold core temperatures, which do not enhance compaction in pure rock. In the absence of core compaction, the freezing of ice at the base of the mantle results in an expan-sion in volume, so the outcome of this stage is an increase in size. The core temperature continues to increase as a result of radiogenic heating.
Step 4 (450 Myr < t < 1 Gyr): After about 450 Myr, the temperature in the interior warms to above 450 K. This is when the rock starts to be a little more susceptible to compaction -a tendency which keeps increasing with temperature (given our compaction EOS). When core compaction is triggered, the expansion stops and the radius of Charon begins to decrease as a result of core compaction by selfgravity.
Step 5 (1 Gyr < t < 4.6 Gyr): After 1 Gyr, the temperature in the core reaches approximately 675 K, at which point the reverse process to serpentinization starts increasing in rate, the rock rapidly exuding the water it had absorbed. The central part of the body becomes dehydrated, so now the stratification is more complex: an anhydrous rocky core, underlying an outer, colder, hydrous rocky layer (see Figure 3 ). Dehydration also acts as a powerful internal energy sink, suppressing (but not counteracting) the increase of temperatures by radiogenic heating. As the evolution advances the inner core grows and its temperature increases. The released water migrates to the base of the mantle and freezes; so, by the end of the evolution (4.6 Gyr), the mass fraction of free water globally increases from 13.2% (that is, after serpentinization, during which about 10% of the water becomes embedded in the hydrated rocks) to about 16.5%. This transition is depicted in terms of rock/ice mass ratio in Figure 6 -recalling that the initial rock/ice mass ratio was 3.33 (or 23 % water mass fraction). Meanwhile, increasing core temperatures act to reduce the core porosity, hence reducing Charon's size. On the other hand, water freezing at the base of the mantle has the inverse effect. The net result of the two competing effects is that first a significant decrease in radius occurs, and only after the interior begins to cool (approximately 2.25 Gyr), when the core porosity becomes fixed at its minimum, is there a radius increase, albeit a very small one.
The contribution of gravitational energy by compaction/expansion or internal redistribution of mass is found to be negligible, as expected from all previous studies (Desch et al. 2009; Malamud & Prialnik 2015) . At any point in time the temperature decreases monotonically from the centre of the body to the surface (Figure 2 ). The porosity, by contrast, has two distinct peaks during most of the evolution, one near the core boundary and another in the outermost layer of the object, as shown in Figure 5 . At the centre, where the temperature and pressure are highest, the porosity is almost vanishing, increasing toward the core boundary. The same trend is exhibited in the icy mantle, which is very compact at the bottom, where the temperature and pressure are highest, and the rock fraction is lowest, in contrast with the overlying surface layers. The total density (see Figure 7 ) decreases monotonically from the centre of the body to the core-mantle boundary, at which point its profile becomes more complicated, with a local minimum at the base of the mantle, corresponding to the highest degree of ice enrichment (the density converges to that of pure, nonporous ice). This configuration is gravitationally unstable; however, for an overturn by Rayleigh-Taylor instability to occur, the viscosity has to be sufficiently low, and thus the temperature sufficiently high, for a suitable amount of time (Rubin et al. 2014) . We find that for the bulk of the evolution presented above, mantle conditions do not permit overturn by Rayleigh-Taylor instability. Finally, a schematic depiction of the present day structure and composition of Charon, according to the model, is shown in Figure 8 .
DISCUSSION

Present Day Structure Compared with Previous Models
We discuss and compare several models of Charon, focusing on its present day structure. The model presented above shows only one potential outcome of the long-term evolution of Charon, although the initial conditions and model parameters are judiciously chosen. It is important to point out, that given some changes in the parameter space (e.g., different grain specific densities, different thermal conductivities, inclusion of antifreeze to lower the water melting point, different initial assumptions like the rock/ice mass ratio or the formation temperature, etc.), within reasonable constraints, the results still remain qualitatively the same. The end structure obtained for Charon is always differentiated into a rocky core (in the above realization, it is approximately 485 km in radius) and an ice-enriched mantle (approximately 120 km thick). The rocky core is further stratified into an inner dehydrated part (250 km thick) and outer hydrated part (135 km thick), separated by a transition layer (100 km thick). The ice-enriched mantle is more complex. It is composed of pure ice at its base, the rock fraction variably increasing toward the surface. The rock undergoes a transition from fully hydrated to fully dehydrated. The outermost coldest layer preserves the original anhydrous rock, as well as the original rock/ice ratio (and it contains yet a thinner surface layer that may preserve its amorphous ice). While the sizes given above may change for different choices of parameter space, the layout remains the same, and the evolution proceeds along the same lines suggested in Section 3.2.
Other thermal evolution models have been used in order to study Charon's internal structure, reaching similar results in some instances, albeit using very different model assumptions. The model of Hussmann et al. (2006) considers the heat transport inside a zero-porosity object whose size is fixed and equals the present day observed size. Charon is assumed (not calculated) to have a 2-layered structure, an icy shell overlying a rocky core, each layer being homogeneous. It is shown to be conductive only. The core radius is 405 km, smaller than what we obtain when porosity is accounted for, although a direct comparison is inexact since their assumed size and bulk density are outdated.
The model of Desch et al. (2009) is more sophisticated, since it also calculates the differentiation of an initially wellmixed icy object, albeit in a simpler way, assuming that rock and water separate instantaneously upon passing a certain temperature threshold. Their evolution of Charon results in a differentiated structure of a rocky core (around 420 km in radius), underlying a layer of ice, underlying an outer layer (approximately 70 km thick) that preserves the original well-mixed rock/ice material (these values vary considerably for different parameter choices). The layers are ho- mogeneous. In a later study, Rubin et al. (2014) lower the temperature threshold, considering the effect of crustal overturn by Rayleigh-Taylor instability, to obtain only a ∼60 km thick outer layer, and a similarly larger rocky core (all other model parameters being equal). This configuration is somewhat closer to the final configuration obtained by our model. However, their model assumes zero porosity and layers of homogeneous density. It also does not consider geochemical reactions, thereby disregarding the important physical and energetic contributions of these processes.
To our knowledge, the most detailed thermo-physical evolution model of Charon prior to this study, is that of Malamud & Prialnik (2015) . Their model explicitly considers the multiphase flow and migration of water inside a porous medium, including compaction by self-gravity, and thus follows the differentiation of Charon in greater detail. It further considers serpentinization, the transition from initially anhydrous rock to hydrous rock, accounting for the water embedded in the rock and the consequent energy release. This energy elevates the near surface temperatures, so that liquid water can reach considerably closer to the surface, altering the structure of the mantle. Their model does not however consider serpentine dehydration, which changes the physical and thermal properties of the inner rocky core, releases water back to the system, and lowers the peak core temperatures. These, as well as additional smaller modifications have been added in this study. The result is a more detailed and more complete model. Although a direct comparison to previous studies is difficult, given variations in the parameter space, we summarize in Table 2 some characteristic results from all 4 studies discussed above, accentuating the qualitative differences in the present day structure.
The most noticeable trends, apart from increasing structural complexity with each evolution model, is (1) the larger core size, and (2) lower peak temperatures. The increase in core size is a natural outcome when accounting for non-negligible porosity and geochemical reactions, although Desch et al. (2009) and Rubin et al. (2014) have in some cases lowered the homogeneous core density to only 2.35 g cm −3 , which may be seen as equivalent to adding constant porosity. Different peak temperatures are probably a result of different choices for the thermal conductivity coefficients, as well as the contribution of porosity, which controls (lowers) the effective thermal conductivity. Most noticeably, the low peak temperature in this study is a direct result of adding dehydration to the model, which serves as a powerful heat sink.
A common conclusion of nearly all models however, is that a near surface outer layer remains unchanged by the evolution. The main difference is in its size, which also depends on how it is defined. If it is defined as the layer overlying fully serpentinized rock, its size in this study is similar to that found by Rubin et al. (2014) , about 60 km, but if it is defined as containing only fully anhydrous rock, it is approximately half that size, 35 km. If it is defined as retaining precisely the original rock/ice ratio, it is even thinner, approximately 23 km.
Since the submission of our paper, a new paper by Desch & Neveu (2017) has been published, which includes a more sophisticated calculation. The final structure at the end of their evolution, now depends on the precise timing at which Charon formed from an assumed circumplutionian disk (assumed to have formed according to the giant impact scenario), which in turn depends on the evolution of the impactors prior to the impact. CharonâȂŹs post formation temperature profile is then calculated, and its subsequent evolution includes new model assumptions and parameters. One of the new features in their code considers the notion that fine, micron-sized silicates behave differently to milimiter-sized silicate particles. The former do not separate and instead remain suspended in water liquid or ice. Different assumptions regarding the exact fraction of fines then lead to very different outcomes, which are too numerous to be reflected in Table 2 .
Size Changes During Compaction/Expansion Episodes
In Section 3 we identify, in five evolutionary steps, processes that alter Charon's size. Our results suggest two contraction-expansion episodes, albeit on different time scales, and for different reasons. The change in radius as a function of time is shown in Fig. 9 . Initially Charon's radius is much larger than in the present day (since it is assumed to form colder, more porous and with a well-mixed composition). The first contraction episode (∆R = −18.4 km) corresponds to a period of compaction of warming ice followed by a period of widespread water melting, differentiation and serpentinization of initially pristine anhydrous rock (although hydrous rock is more voluminous, the net effect due to melting is a further decrease in size). Note that this radial decrease could be much smaller if Charon initially formed with higher ice temperatures, and, if the rock is initially hydrous instead of anhydrous (lowering the initial fraction of free water, in order to obtain the same overall water fraction). For example, using T 0 = 220 K we find ∆R to be merely 1/4 of the above value (for further discussion see Section 4.3). Once the rock is fully serpentinized, the remaining water migrates and freezes in the coldest outer parts, forming the man- tle. This results in expansion (∆R = 7.4 km). The second contraction episode (∆R = −12.5 km) corresponds to the contraction of the rocky core, as increasing temperatures make it more susceptible to compaction. Then the subsequent small expansion (∆R = 0.8 km) results from water released by dehydration reactions in the rocky core, but it starts only after the peak temperatures in the interior begin to decrease.
We postulate that prominent extensional fractures, such as the Serenity Chasma, could be compatible with the first expansion episode, which was exteremly rapid, on the time scale of Myr. We calculate that the additional surface area resulting from a radius increase of ∆R = 7.4 km would correspond to a 30 km wide fracture, forming a great circle around Charon. The width of Serenity Chasma is 50-60 km between adjacent walls. Nevertheless, Macross Chasma is no more than half that width, and the chasmata network is sporadically connected by much narrower fractures, so that on average (accounting for local variations), this radius increase could be compatible.
The chasmata in the tectonic belt are either flanked or stretched alongside elevated ridges. According to Beyer et al. (2016 Beyer et al. ( , 2017 , the elevated flank topography is not likely to be a flexural response. We suggest alternatively that these ridges could have formed prior to the chasmata, by the initial contraction episode. The time scale of formation is extremely rapid, only a few tens of Myr. The precise localization of these supposed compressional features is discussed in Section 4.4. Following the initial compaction episode, the outer, cold shell, is only 1/4 its present day thickness, and it overlies warmer layers that are also composed of a rock/water mixture. It can be seen from the temperature profile in Figure 2 that during this time much of the water is either liquid or warm ice. Hence the effective viscosity of the underlying layers might be sufficiently low to enable isostatic subsidence of the overlying cold crust. This might considerably lower the initial elevation that resulted from the compaction (the exact compensation factor cannot be trivially calculated due to the gradient in the total density of the layers, as seen in Figure 7 , but clearly the effective density difference is small). Subsidence might also weaken this part of the crust or facilitate fracture formation that may subsequently enable the focusing of extension to the same regions, as discussed in Section 4.4. Note that the extension phase starts only after the water begins to freeze (forming the mantle from the top down), as can be seen in Figure 4 . At sufficiently high latitudes, to the north of the belt, extensional features will thus not be expected to align with the main chasmata along the tectonic belt, which is consistent with Beyer et al. (2017) .
In comparison, the second contraction episode involves a thicker mantle, and it deforms on a much longer time scale (several Gyr, 2 orders of magnitude slower). The surface might have time to relax to compensate for the slow compression of the interior. Alternatively, we might expect subtle, long-term adjustments to the reduction in surface area, accentuating existing prominent surface expressions. For example, Thomas (1988) analyzes the tectonic history of Rhea, a similar sized icy body which is also dominated by extension, however he proposes that the mega-ridges on its surface could be deformed portions of Rhea's surface that could have formed during its last evolutionary, compressional phase, according to Ellsworth & Schubert (1983) . While here we are considering a different internal evolution model, the geological interpretation could be similar. On Rhea, these megaridges are mostly arcuate and appear similar to the arcuate ridge around Mordor macula, for example. The final, second expansion episode is small, resulting in a very modest radius increase, so it cannot account for any of the major fractures observed on the surface. A major caveat associated with the model is that the second compaction episode cannot be reduced considerably, within reasonable parameter constraints used in our compaction equation of state. We thus emphasize the need for further studies in order to examine the long-term effects of slow compression.
Model Sensitivity
The evolution results in Section 3.2 and the discussion in Sections 4.1 and 4.2 are related to only one model realization, as depicted in Section 3.1. As with any complex model, we have multiple model parameters that may be associated with uncertainties. Thus, various model realizations may lead to different outcomes. Alternatively, the same outcomes may sometimes be reached by completely different sets of parameters. Since our model is characterized by dozens of such parameters, it is implausible to fully explore the entire parameter space, while presenting dozens of different outcomes. Instead, in this section, we discuss two different choices for the initial conditions and two additional choices for important model parameters. We compare the results of these alternative model configurations to our baseline case from Section 3.1, and discuss the differences. Our baseline model will be termed Model 1, whereas Models 2-5 are defined as follows (the title depicts the main change from baseline configuration):
Model 2 -Initial mass We consider a change in Charon's mass. The mass that was assumed in this study (Brozović et al. 2015) differs from the previous mass measurement (Buie et al. 2006 ) that was used in the predecessor model of Malamud & Prialnik (2015) . The previous mass yielded a lower final bulk density at the end of the evolution, of only 1.63 g cm −3 (versus 1.7 g cm −3 in Section 3.2). In compatibility with the predecessor paper, we adopt the previous mass as the initial condition. Given this mass, the inferred initial rock mass fraction must be slightly higher, 77%, in order to yield the observed radius at the end of the evolution.
Model 3 -Initial temperature and composition We consider a scenario in which Charon formed with a much higher initial temperature (220 K versus only 70 K, but still below the water melting point) and with a composition of hydrated rock. This scenario might be plausible, for example, if Charon formed via the giant impact hypothesis, which might account for higher initial temperatures (Canup 2005 ). An initial composition of hydrated rocks is also plausible, given the likely size of the primordial Pluto or its impactor, which could have accreted from thermally processed and aqueously altered bodies, up to hundreds of km in size (Davidsson et al. 2016 ).
Model 4 -Ammonia We consider the effect of 5% ammonia in mass fraction. If present in the internal water, ammonia can lower its melting temperature (depending on the concentration of ammonia as well as on the pressure of selfgravity, as given by Leliwa-Kopystyński et al. (2002)). We note that ammonia has been detected on Charon's surface (Grundy et al. 2016) . In our baseline model we assume 0 % ammonia.
Model 5 -Rock grain density We consider an alternative set of specific densities for hydrous and anhydrous rocks, 2.7 g cm −3 and 3.25 g cm −3 respectively (the specific density increase with pressure of self-gravity will be the same as in Table 1 ). This choice is compatible with the sensitivity analysis performed previously by Malamud & Prialnik (2015) . The specific densities chosen in the baseline model are higher, and listed in Table 1 . Given this new choice, the inferred initial rock mass fraction must also be set higher, 81%, in order to yield the observed radius at the end of the evolution.
Since we now compare four new cases in addition to the baseline case, the level of analysis cannot be as lengthy as in Section 3.2. Instead, we set the basis for comparison after Sections 4.1 and 4.2. As in Section 4.1, we will first examine the final configuration obtained following the full 4.6 Gyr evolution for all five cases. Unlike in Section 4.1, here we simply plot the total density as a function of radial distance from the centre (Figure 10 ). Although the level of detail is not as extensive as in Table 2 , it provides a lot of information on both structure and composition, and in all investigated cases we obtain similar end results. The boundary between the rocky core and ice rich mantle is clearly expressed as a sharp steep drop in density. In all cases the size of the rocky core (left of the steep density decline) is approximately 500 km. The hotter inner core has become fully compressed over time and its density approaches the specific density chosen for anhydrous rock (note model 5, with a different specific density). The mantle density profile likewise has the same overall layout. In all cases the base of the mantle is the most ice-enriched and hence the least dense (despite having the lowest porosity), with the density (and rock fraction) generally increasing toward the surface. The most similar case to the baseline case is model 4. As one might expect, only the icy mantle is affected by adding ammonia, and even then the differences are small. We conclude that the end structure of Charon is more or less the same in all cases.
In terms of temporal changes, Figure 11 examines the global size evolution, that is, the change in radius as a function of time. This figure is identical to Figure 9 , albeit with multiple cases plotted on the same graph. Here as well, all of our investigated cases display the same behaviour qualitatively. The overall pattern of two contraction/expansion episodes is common to all cases, and the differences are expressed in both the timing and the magnitude of each radial change. As in Figure 10 , model 4 displays nearly identical characteristics to the baseline model. The lower eutectic melting point as a result of adding ammonia to the model slightly enhances compaction and prolongs serpentinization, although the differences are negligible. Model 3 stands out as the most dissimilar compared to the baseline model. Here the initial temperature is already high, ice compaction is not as important, and melting is triggered earlier.
Since the rock is initially hydrated, there is no energetic contribution from serpentinization to power up more rapid water melting and migration. The differentiation process is thus prolonged, and it is characterized by a lower fraction of liquid water on average, which is expressed in a more moderate radial decline. We conclude that the model is at least qualitatively insensitive to various choices of initial conditions and parameters. The highest degree of sensitivity is associated with the change in initial temperature and composition (Model 3), which can reduce the initial contraction, thus highlighting the importance of understanding Charon's formation.
Speculation on the Belt's Localization and Orientation
In addition to Charon, many similar sized icy bodies in the inner solar system are inferred to have extensional surface features. These include the Uranian satellites Titania, Ariel, Oberon and Umbriel (Smith et al. 1986; Croft 1989) , as well as several Saturnian satellites like Tethys (Moore et al. 2004) , Rhea (Thomas 1988) and Dione (Wagner et al. 2006) . In these satellites, the extensional features dominate, and many are geologically young. This partial similarity to Charon could indicate that some aspects of their formation are related, but not necessarily to tidal heating (Spencer et al. 2016) . One of the main differences is that in Charon the tectonic belt has many elevated portions. Another is that the belt is highly localized (chasmata and adjacent features are restricted to a relatively narrow band) and specifically oriented (all chasmata appear to follow a similar trend). There are very few other examples, only two icy satellites, Iapetus and Tethys, which have highly localized and specifically oriented global surface features that may also be associated with a radius change. To a lesser degree, Rhea and Dione also have similar surface features (Byrne et al. 2016) . In Iapetus' case, global compression has been one of several explanations suggested for its equatorial bulge (Sandwell & Schubert 2010; Beuthe 2010) . In Tethys' case, global expansion has been one of the explanations suggested for Ithaca chasma, a wide extensional feature that extends approximately three-quarters of the surface (Moore et al. 2004 ), due to freezing of an internal ocean. However the evolutions of both of these satellites are difficult to compare with Charon, since they are contingent upon very different initial, boundary, and external conditions (e.g., lower rock/ice mass ratio, more abundant shortlived radionuclides, warmer surface by insolation, a massive parent planet and a system of multiple massive satellites, etc.). Therefore, some hypothesis is required in order to account for the localization and orientation of Charon's tectonic belt region, as opposed to being randomly placed and randomly oriented, as one might otherwise expect.
The model presented in Section 2 is designed to calculate the thermo-physical evolution inside evolving icy objects, however, being 1-dimensional, the model is incapable of explaining localized phenomena. In order to calculate the precise stresses induced by the internal evolution, a different type of model is required, and therefore it is beyond the scope of this paper. Nevertheless, we suggest several possibilities which can be investigated in future studies, regarding the localization and orientation of the tectonic belt, assuming that it formed as a result of the compressional/extensional environment.
We note that although the global tectonic belt is not directly aligned with Charon's equator, it is close, and the trends of the different chasmata appear parallel, as if to suggest a shift in a primordial equator, of about 20°. Here we assume that the belt could have localized (as a result of the initial compression episode, which the model predicts to be the earliest radial change) around this primordial equator. According to one possibility, the focusing could have been made possible via thickness variations of the mantle, early in its evolution. A thinner equatorial shell could be produced due to localized tidal dissipation, as well as latitudinal differences in average solar insolation (Beuthe 2010 ) (although in that case according to Earle & Binzel (2015) the axial tilt would have had to be different compared to the present-day). Sandwell & Schubert (2010) also suggest that an initial axisymmetric body may provide the initial shape perturbation for subsequent buckling. Here the initial shape may be related to early tidal interaction (even simple bulge collapse, in the case that Charon was locked and had a circular orbital expansion). A precise analysis of what is required in order to focus the compression necessitates a different type of model, and is thus beyond the scope of this study. Here we simply assume that it is a possibility.
The complete formation of the belt, however, includes the subsequent episode of extension that formed the chasmata. The focusing of extension in the same overall belt region might be related to its initial geological modifications. These may have weakened the lithosphere or created fractures/faults that made it more susceptible to the subsequent extension (see also Section 4.2). A later shift in the rotational equator of Charon can be induced by a planetary-scale impact, if the impactor is sufficiently massive (Safronov 1966) , leading to the currently observed orientation. This Figure 10 . Charon's present-day density as a function of radial distance from the centre. The multiple plots correspond to models 1-5 with variations in initial conditions and model parameters. The steep vertical drop near a radial distance of 500 km marks the core/mantle boundary. The density at the centre equals the specific density of anhydrous rock, with zero porosity. The density at the base of the mantle is ∼1 g cm −3 as in negligible-porosity water ice. proposed impact may also be supported by several other features and terrains on the surface. Stern et al. (2015) and Moore et al. (2016) indicate a pronounced surface dichotomy observed between the southern and northern hemispheres of Charon, at least on the Pluto facing side (see the contrast below and above the tectonic belt in Figure 1 and in Figure S14 in Moore et al. (2016) supplementary materials). The south-eastern plains (Vulcan Planum) appear significantly smoother than the rougher terrain observed on the north-western side. The age inferred for Vulcan Planum is approximately 4 Gyr, younger than the tectonic belt and the rest of the surface to its north (Moore et al. 2016; Beyer et al. 2017) . We point out that the pronounced surface dichotomy on Charon bears resemblance to the observed surface dichotomy on Mars (Wilhelms & Squyres 1984) . This might also suggest a similar impact origin as used to explain Mars-dichotomy (Wilhelms & Squyres 1984; Marinova et al. 2011) . The boundary between the rough northern region and the smooth southern regions is complex, and appears to co-align with Charon's tectonic belt. Such an impact would remove a considerable volume of the outer material, redepositing it on the impact basin periphery. This loss of mass could then be fully compensated by isostatic uplift of unexcavated subbasin material if enough energy is provided by the impact. If this material is denser than the material that was removed, a large depression could remain, like in Mars. Figure 7 however shows that this must not necessarily be the case here, since the density gradient of the crust depends on the precise timing of the impact. If the impact occurred after the differentiation and formation of the tectonic belt, then the mantle density is approximately constant, and we would expect to see two distinct terrains, although the average elevation would be similar.
We emphasize that our speculations are based on highresolution imagery that was obtained only on the sub-Pluto hemisphere. If indeed the anti-Pluto hemisphere features similar characteristics (Beyer et al. 2017) , the impact scenario has the advantage of explaining both CharonâȂŹs surface dichotomy as well as the orientation of its tectonic belt. And, as we discuss in the following Section, it may also consistently explain other Vulcan Planum features.
Cryovolcanism
Vulcan Planum has been identified to display many features that suggest elevated temperatures, including cryovolcanic resurfacing, as well as peculiar peaks surrounded by moats (Moore et al. 2016) . Desch & Neveu (2016) have interpreted the moated peaks as rapidly emplaced cryovolcanoes weighing down on and deforming the surrounding lithosphere. This flexural response demands a highly mobile layer very close to the surface, which in turn necessitates high near surface temperatures. However at Charon's distance from the sun, the temperature of its outermost layer remains permanently cold, as indicated by Figure 2 . This is a common result of all evolution models mentioned in Section 4.1. Even if we incorporate ammonia, a potential antifreeze (see Section 4.3), the crust remains cold and frozen for tens of km, and it is highly unclear how to enable the formation of these features without elevating the crust temperature. Here we suggest that a planetary scale impact is consistent with a considerable increase of crust temperature, followed by rapid cooling.
While our code is not meant to treat material excavation or uplift, to fully explore the impact scenario, we are able to explore the energetic consequence of such an impact. We show that a brief energy impulse of about 10 26 J, delivered approximately 4 Gyr ago by the dichotomy-forming impact, is sufficient to bring the ice in the crust to near melting temperatures. We calculate the instantaneous release of massive amounts of energy. This is equivalent to introducing a new internal energy source, released over a short time interval (1000 s). Figure 12 shows the resulting temperature as a function of time and radial distance. Compared with Figure 2 , the overall progresses of the evolution is almost identical. But during a brief period, following the impact (set arbitrarily at ∼600 Myr to comply with the estimation of Moore et al. (2016) ), the entire crust warms enough to support cryovolcanism. Immediately after the impact, temperatures quickly decline. The surface temperature rapidly cools on the time scale of days. Our model shows that water erupts as a result of the elevated temperatures, and Charon may lose up to 0.1% of its mass, at a rate of ∼ 10 15 g s −1 (actual loss depends on the gas velocity and escape velocity). 4 km beneath the surface, the ice temperatures drop more slowly, merely a few degrees in approximately 50,000 yr. During this period the outgassing rate averages ∼ 10 3 − 10 4 g s −1 . A further 50 Myr are required for the entire outermost 60 km to cool down to the pre-impact temperatures.
If we decrease the amount of impact energy by one order of magnitude (10 25 J), to extend the range of possible collision energies, the resulting difference in peak surface temperature is ∆T ≈ 40 K, at which point the ice might be significantly colder, but still has a relatively low viscosity and high mobility, accounting for the smoothness of the surface. We also check if this energy range is compatible to first order with what is expected from the size of the impact basin. The basin size D is related to the impact energy E such that D = kE j g u , where the constants k, j and u are given by Wilhelms & Squyres (1984) and Marinova et al. (2011) . The resulting energy is ∼ 5·10 25 J, hence this impact energy is independently consistent with our thermal interpretation, which is encouraging. Assuming a relative impact velocity of about 1 km s −1 or slightly more (Durda & Stern 2000) , the mass of the impactor should be up to that of Enceladus. Assuming a relative impact velocity of up to 3 km s −1 (Greenstreet et al. 2015) , the mass of the impactor could be an order of magnitude less than that of Enceladus. The impactor radius would thus be in the range of ∼100-250 km. In the current impacting environment, i.e., using estimates from today's orbital distribution and number density of Kuiper belt objects, there might be ∼0.1-1 such impacts over Charon's history, however the early impacting environment remains difficult to estimate (Greenstreet et al. 2015) .
CONCLUSIONS
We present the main processes that have shaped Charon's long-term evolution. The evolution begins with an initially homogeneous KBO, larger than in the present, and made of a porous mixture of ice and rock. We identify two contraction-expansion episodes in Charon's history, corresponding to various processes in the interior. The present day structure we obtain is complex. The core is made of rock, with a high-density, dehydrated inner part and a more porous outer part, made of hydrated rock. The core is overlain by an ice-rich mantle, some 120 km thick. The mantle is composed of pure ice at its base, the rock fraction variably increasing toward the surface. Only the outermost coldest surface layer might retain the original composition, unaltered by the internal evolution. Compared to previous studies, we obtain a different, more stratified present-day inner structure. We also obtain a much higher rock fraction, due to the inclusion of rock hydration, as well as the contribution of porosity. We suggest that Charon may have experienced significant changes in radius, both decrease and increase, and that these changes could be compatible with the physical appearance of its unique surface features. Our model does not require an early vast ocean, which could also potentially explain extensional surface features either by freezing and solidification of the ocean, or by high eccentricity tidally induced fractures requiring an internal liquid layer. These alternative models work only by assuming a warm initial state. In the case of this study, any formation scenario is plausible, and even the in-situ Pluto-Charon binary formation scenario, which would necessarily result in a cold initial state, could be sufficient.
We propose that an early phase of contraction has led to the initial formation of the elevated features along the tectonic belt, followed by a subsequent phase of extension that gave rise to the chasmata. The extent of the initial radial decrease depends on Charon's initial conditions. If its temperature had been relatively warm, and its composition consisted of mainly hydrated rocks, we predict a relatively small ra- dial decrease. If it formed cold and anhydrous, we predict a radial decrease several times larger. Even in the latter case, the high initial elevation as a result of localized contraction could be substantially reduced through isostatic subsidence, which our model predicts could have occurred before the subsequent extension.
A hypothesis is also required for the localization and specific trend of Charon's tectonic belt. Although we cannot provide a conclusive answer since our model is 1-dimensional and incapable of investigating localized phenomena, we do speculate on its origin. We hypothesize that the initial compression and extension episodes gave rise to the tectonic belt, which focused around the equatorial region. The initial focusing could have been the result of early tidal interaction with Pluto or latitudinal insolation differences. Subsequent to the formation of the tectonic belt, Charon's rotational axis must have shifted in order to account for its present day orientation. We speculate that this may be the result of a sufficiently massive impact, which could also account for Charon's strange hemispheric surface dichotomy. We show that a massive impact could further provide the energy needed in order to drive the cryovolcanism that is suggested to have occurred in the plains south of the tectonic belt.
We conclude with a general prediction, that transNeptunian objects of a similar size range should exhibit significant compressional/extensional surface features. If too large (as Pluto), they might relax faster and have a warmer near surface interior. If too small, they might not even have sufficient heat for differentiation and geochemical reactions in the interior. Since variations in the short-lived radiogenic heating and the initial composition are expected to be more moderate in the Kuiper belt than in the inner solar system, so might we expect less heterogeneity in the surface features of similar sized objects in this region.
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